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Abstract: With global warming, in recent years, golden tides have frequently occurred off the coasts
of China. Sargassum horneri, which attach to aquaculture rafts, can float and form small-scale golden
tides after falling off. Temperature will affect the growth and reproduction of algae. In order to explore
whether the temperature is the potential influence factor of the golden tide outbreak, in this study, the
effects of global warming on the growth and proliferation of S. horneri in the mussel aquaculture area
of Gougqi Island will be discussed. Samples of the macroalgae were collected monthly from August
2021 to July 2022 at various stages of its life cycle, and the relationship between algal growth and
temperature was analyzed based on the concept of effective accumulated temperature, combined
with the parameters of sea surface temperature, photosynthetic rate, growth rate, and growth cycle.
Based on the continuous temperature variation observed, the growth cycle could be divided into five
stages: the decreasing temperature period (October to November), the low-temperature adaptation
period (December), the second suitable low-temperature period (January to February), and the high-
temperature decay period (February to May). The effective accumulated temperature stored by S.
horneri from 2021 to 2022 was 2772.4 °C-d; compared with previous studies, it decreased by about
800 °C-d. The winter temperature in 2022 was higher than the average temperature in the previous
5 years, allowing the macroalgae to enter the reproductive period in advance. This had a significant
impact on the blooming time of golden tides and led to an earlier outbreak and extinction. Therefore,
in the future, we can set up a monitoring system for the early warning of golden tides according to
the change of SST in winter.

Keywords: effective accumulated temperature; golden tides; reproductive cycle; Sargassum horneri;
sea surface temperature

1. Introduction

Brown alga, Sargassum horneri, belongs to the family Sargassaceae, order Fucales,
class Phaeophyceae [1-4]. The algal body has an attached apparatus and mainly grows
on the reefs of subtidal zones where the tidal current is unobstructed and the wind and
waves are less powerful. With the development of marine aquaculture, S. horneri has
proliferated and is commonly found attached to coastal aquaculture rafts. At the same time,
the vesicles that characterize its structure also allow it to float on the water surface during
the growth stage [3]. These macroalgae primarily reproduce via sexual reproduction and,
in part, also via vegetative reproduction [5,6]. S. horneri is widely distributed in China,
from Dalian (Liaoning Province) in the north to Guangdong Province in the south [2,7-9].
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It is an important species grown in seaweed fields, as it is the main, large brown alga found
contiguously in the shallow, warm-temperate waters off the coast of China. In addition,
it is also the single causative species of golden tides, the large algal blooms that have
frequently occurred in the Yellow Sea and East China Sea in recent years [10-12] and that
have caused significant economic losses to the seaweed aquaculture industry, tourism, and
shipping in the coastal provinces of China [13-15]. The accumulation of large quantities of
S. horneri along the coast will produce a foul smell and cause the proliferation of bacteria
and parasites. If not treated in time, it will turn into a foul-smelling swamp that, when
hypoxic, will produce the toxic gas hydrogen sulfide. It will have a major adverse impact
on the coastal ecosystem and a negative impact on the lives of coastal residents [16]. In
addition, a large amount of floating S. horneri can provide a habitat for fish to spawn and
feed, and so, it can be used as feed for fishery aquaculture. Because of its unique adsorption
effect on water pollutants, it can also be used as an environmentally friendly adsorption
material [17,18]. However, a large amount of floating S. horneri will also form the golden
tide. The golden tide brings huge economic losses; however, it also plays an important
role in the restoration of marine ecology. As a result, S. horneri has gradually attracted
widespread attention from the scientific community. However, previous research generally
focuses on the exploration of the source of the golden tides and the study of the individual
physiology of algae; it does not effectively combine the changes in environmental factors
with the outbreak mechanism [6-12].

Temperature is an important abiotic factor that affects the biological activities of marine
algae in nature and has a very significant impact on S. horneri. The metabolism, sexual
maturity, growth and development stages, and natural distribution of this species are
closely related to changes in seawater temperature [19,20]. According to the French forest
scientist Dreomir, a plant needs to accumulate a certain amount of temperature to complete
its life cycle; that is, a specific amount of daily average temperature must be accumulated
in each growth stage. Once the required temperature is accumulated, the plant’s entire life
cycle is completed. Based on Dreomir’s “effective accumulated temperature theory,” and
assuming other environmental parameters are within the norm, temperature plays a leading
role in the growth of S. horneri. The growth temperature needs to reach the biological lower
limit for this macroalga, and a certain temperature accumulation is required to complete
the entire life cycle.

From the beginning of the 20th century up to the 21st century, global warming
events have frequently occurred, causing the global seawater temperature to constantly
increase [21-23] and greatly affecting the marine ecosystem [24-26], including the growth
of S. horneri. Within an appropriate temperature range, increasing temperatures promote
the growth and proliferation of this species [27], but excessive temperatures have a nega-
tive impact on it, causing its decline and the disintegration of its biological structure [28].
Related to this, the algal field function will be degraded, and the frequency and scale of the
golden tide outbreaks in the Yellow and East China Seas are constantly changing.

This study explored the relationship between the proliferation of attached S. horneri
and seawater temperature by monitoring the interannual variation in sea surface tempera-
ture (SST) in the area near Gougqi Island and the changes in the growth and proliferation of
the macroalga in a local mussel farm, combined with the study of cumulative temperature.
This relationship effectively reflected the impact of the rise in seawater temperature on the
growth and reproduction of S. horneri within the context of global warming. This study
will provide the theoretical basis for follow-up research on the assessment of risks associ-
ated with golden tides, early warning management, and analysis of outbreak mechanisms
in China. The results will also assist in the development of seaweed fields and marine
ranching planning and reveal the potential outbreak mechanism of the golden tide from
the perspective of an algae physiology response to environmental factors.
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2. Materials and Methods
2.1. Collection of S. horneri Samples

Gougi Island (30°41'-30°44’ N, 122°44/-122°48' E), which is part of the Maan Islands,
Zhoushan Archipelago, is rich in marine fishery resources, and a large biomass of S. horneri
is present around the island reefs [29]. The waters around the island represent one of the
largest mussel aquaculture areas in China, with an area of over 6.6 km?, and a large number
of S. horneri are attached to the aquaculture rafts. Macroalgal samples were collected every
month from August 2021 to July 2022 (before the outbreak of the local golden tides) in
the mussel culture area of Houtou Bay and Gougqi Island, and their growth status was
monitored. As shown in Figure 1, three sampling points, namely A (30°43'40”, 122°45'51"),
B (30°43'52”,122°45'4”), and C (30°43'48”, 122°44'56"), were randomly set, and 30 samples
were randomly collected from different culture cables each time.
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Figure 1. Map showing the stations randomly selected for the sampling of attached S. horneri in the
mussel culture area of Gougqi Island.

2.2. Monitoring of the Growth State of Attached S. horneri in the Aquaculture Area

The chlorophyll fluorescence parameters (PSII maximum fluorescence quantum yield
(Fv/Fm)) were measured from the blades of the freshly collected samples using a DIVING-
PAM-II/R (WALZ, Germany) instrument on-site. Then, the samples were placed in a
low-temperature incubator (4 °C) and were covered with a wet towel soaked in seawater.
They were taken to the laboratory within 24 h, and the water on their surface was dried
with absorbent paper. Then, the plants were counted, and their growth stage, length, and
weight (wet weight) were recorded. The appearance of vesicles and reproductive trays
was monitored, and pictures were taken as records. Plant length (cm) was defined as
the distance from the root fixator to the top of the algal body and was measured with
a tape measure (Chenguang, China); plant weight (g) was measured using a weighing
balance (Chenguang, China). The content of photosynthetic pigments (chlorophyll a and
carotenoids) was measured from selected leaf portions of the algal body.

To determine chlorophyll a and carotenoids, first, nine samples were randomly selected
from three points; then, 0.2 g of the algal body (fresh weight) was weighed and added to
2 mL of 90% acetone. The mixture was then ground into a homogenate and again added to
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acetone up to a volume of 10 mL. Extraction was carried out at 4 °C for 24 h in the dark and
was followed by centrifugation (3-18K, Sigma, Germany) at 5000 g for 10 min. Then, the
obtained supernatant was measured with a UV spectrophotometer (SPUV 2500, Spectrum,
China) to test absorbances at 666, 653, and 470 nm. Chlorophyll a and carotenoids were
calculated according to the following equations for element content [30]:

Chlorophyll a (mg - mgfl) = (15.65x A666 — 7.34 x A653) x V/(1000 x W)

Carotenoids (mg - mg ') = (1000 x A470 + 1403.57 x A666 — 3473.87 x A653) x V/(221 x 1000 x W) (V: final

volume after constant volume, W: the fresh weight of the algae)

The following equations were used to calculate the growth rate:
Vp (cm - d) =Lp/D

Vb (g - d) =Bb/D

(Vp: monthly growth in algal body length, Lp: difference in body length between the
current and previous month, Vb: monthly growth in algal body biomass (wet weight), Bb:
difference in biomass (wet weight) between the current and previous month, D: days in the
current month)

2.3. Monitoring SST in the Area near Gougqi Island

From August 2021 to July 2022, the HOBO Bluetooth underwater light and temperature
recorder (MX2202, ONSET, USA) was used in sampling area A (30°43'40”, 122°45’51”) in
Houtouwan, Gougqi Island, to record changes in local SST. The data for this parameter for
other years were obtained from the official website of NASA (https:/ /oceancolor.gsfc.nasa.
gov/13/) (accessed on 1 July 2022).

2.4. Calculation of the Effective Accumulated Temperature

Enzymatic reactions in seaweeds are affected by temperature, which regulates growth
and proliferation activities [31]. Within a suitable temperature range, the metabolic capacity
of Sargassum spp. increases with the rise in temperature; in contrast, at higher or lower
than optimum temperatures, this capacity decreases. If the temperature is lower than the
biological lower limit for Sargassum spp. or higher than the biological upper limit, seaweeds
enter a stagnation phase or decline and disintegrate [27]. In this study, the biological lower
and upper limits for S. horneri were defined as 7.1 °C and 25.0 °C, respectively [3,32].

The effective accumulated temperature K was calculated based on Li et al. [33] using
the following equation:

K (°C-d) =N (T-C)

(K: effective accumulated temperature, N: development period (i.e., the time required
for growth and development), T: average temperature during the development period, C:
development starting temperature (i.e., the biological lower limit temperature for S. horneri))

2.5. Data Processing and Analysis

The variations in biological parameters, chlorophyll content, photosynthetic parame-
ters, SST, and effective accumulated temperature of copper algae were measured regularly
and were visualized through variation curves generated using Origin software. One-way
ANOVA analysis was performed in SPSS 20.0, and the significance level was set at 0.05.

3. Results
3.1. Variation in SST near Gougqi Island in 2021-2022 and in the Previous 5 Years

Gougqi Island is located in the East China Sea at the mouth of the Yangtze River and
is affected by both the Taiwan warm current and the freshwater input from the Yangtze
River Estuary. Figure 2 shows water temperature variation throughout the monitoring
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period (2021-2022): from August to September 2021, the SST near Gougi Island ranged
from 24 to 29 °C, and the average temperature exceeded the biological upper limit for
S. horneri, reaching 26.8 °C; from October 2021, SST began to decrease, with the average
dropping from 23.2 °C to 11 °C, and was the lowest in February 2022, with a variation range
of 12-10 °C; from March 2022, it increased again, with the monthly average temperature
reaching approximately 14 °C (Figure 2).
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Figure 2. Variation of SST in Gougi Island from August 2021 to July 2022.

Figure 3 shows the variation in SST in the waters near Gougi Island from 2017 to
2022 and indicates that this parameter increased each year during the winter period from
December to February of the following year. The mean SST in December 2017 increased
from 14.5 °C to 16.2 °C, and the temperatures in January and February of the following
year increased from 10.5-9 °C to 12.7-11.5 °C, respectively. On average, the interannual
monthly temperature increased by 2-3 °C, and the warm winter phenomenon became more
and more obvious. The SST in winter and spring gradually increased every year; in March

and April 2022, it increased from 11-16 °C to 14-17 °C, and in April 2022, the SST rose by
about 1-2 °C.

3.2. Morphological Characteristics of Attached S. horneri across Four Seasons between 2021 and 2022

Figure 4 shows the morphological characteristics of attached S. horneri in the mus-
sel culture area of Gougqi Island from August 2021 to July 2022. The characteristics ob-
served in August, October, December, and February were considered representative of the
macroalga’s morphology in summer, autumn, winter, and spring, respectively.
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Figure 3. Variation of SST at Gougqji Island from 2017 to 2022.

Figure 4. Morphological characteristics of S. horneri in the aquaculture area across seasons:
(a) summer; (b) autumn; (c) winter; (d) spring; and (e) after March 2022.

The on-site monitoring and investigation showed that in August 2021, the germination
of S. horneri in the aquaculture area was in the seedling stage, the plant was brown overall,
the main branch was distinct, there were a few main lateral branches and blades, there
were no obvious secondary lateral branches, and the blades were wide and serrated. The
bottom of the root presented a colloidal crack-shaped retainer, which was used to attach to
the breeding cable or mussel string, and only 26.08% of the algae showed a small number
of vesicles, mainly located in the middle and top sections of the body. Most algae consist
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of only three parts: roots, stems, and blades. In October 2021, algal biomass increased,
and 96% of the plants presented, on average, 171 vesicles each. In some algae, the main
lateral branches at the center of the main branch were evenly arranged, and their length
was uniform, forming a “net curtain” shape. Morphological changes tended to be stable in
December; the blades were less serrated and became soft, and at the same time, the main
lateral branches near the root grew longer and even approached or exceeded the length of
the main branch. The length of the main lateral branches decreased, moving toward the top
of the algal structure. Some algae formed an obvious secondary collateral structure, and
the whole body was umbrella-shaped. In February 2022, 80% of the attached algae were in
their reproductive stage and began to release sperm and eggs, their color gradually turning
copper yellow. In addition, about 10% of their blades fell off, leaving only the vesicles and
receptacles. In March 2022, S. horneri began to decline across the aquaculture area, and the
decline continued until May.

3.3. Variation in the Monthly Photosynthetic Activity of Attached S. horneri from 2021 to 2022

From August to November 2021, the contents of chlorophyll a and carotenoids in
the blades of attached S. horneri slowly increased; the former increased from 0.9 mg-mg ™!
to 1.2 mg-mg~!, while the latter did not increase significantly and remained at about
0.3 mg-mg~! (Figure 5). In December, chlorophyll a content decreased to 1.1 mg-mg~!,
while carotenoids did not change significantly. In January 2022, both parameters increased
significantly to 1.5 mg~mg_1 and approximately 0.5 mg-mg_l, respectively. In February
2022, the variation in chlorophyll content showed a downward trend again. The Fv/Fm
value was relatively low from August to September 2021, ranging from 0.65 to 0.7, and
it increased significantly to 0.75 from October to December. In January 2022, it further
increased significantly to a maximum of 0.8 and decreased to 0.74 in January 2022. Due
to the deterioration of algae in a large section of the aquaculture area in March 2022, the
leaves detached from the rafts, and no samples could be collected for the determination of
chlorophyll content and chlorophyll fluorescence parameters (Fv/Fm) after that month.
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Figure 5. Variation in chlorophyll A, carotenoid content, and Fv/Fm in the leaves of attached S. horneri.
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3.4. Relationship between Growth Period and Effective Accumulated Temperature in Attached
S. horneri

From August to September 2021, the SST in the area of Gougi Island continued to rise
from 24 °C to nearly 29 °C, the average exceeding the biological upper limit for S. horneri,
and the growth of seedlings was slow. The algae’s length and average biomass increased
from 15.3 cm to only 23.7 cm and from 3.6 g to 5.3 g (wet weight), respectively. At the end of
August 2021, S. horneri individuals grew vesicles; from October to December 2021, the SST
near Gougqi Island began to gradually decrease, dropping below the biological upper limit
of 25 °C, and the algae’s growth rate began to increase continuously. Once adapted to the
decrease in SST, the algae entered a period of rapid growth between January and February
2022; the maximum growth rates for individual biomass and plant length were reached
in January and February 2022, respectively. In February, the algae present in the cultured
area reached the growth “peaks,” with average and maximum plant lengths of 308 cm and
612 cm, respectively, and average and maximum individual biomasses of 511 g and 1265 g,
respectively (Figure 6). During this period, S. horneri individuals matured and developed
receptacle structures then began to release sperm and eggs and entered the reproductive
period. However, a small number of algae have completed the reproduction process, and
the leaves fall off and begin to enter the biological disintegration process. In March 2022,
leaf and vesicle shedding occurred over a large section of the aquaculture area, leading to a
dramatic reduction in algal biomass. The attached algae entered the stages of senescence
and apoptosis, which lasted until May 2022.

—=— Plant growth rate (cm/d)
—e— Biomass growth rate(g/d) b

- 1000 44
- 800
- 600

+400

Weight (g)

+200

Plant growth rate (cm/d)
(3]
Biomass growth rate(g/d)

Aug* Sept Oct Nov Dec Jan Feb** Mar Apr May Jun July

Aug Sept Oct Nov Dec Jan Fcb Mar Apr May Jun July
Month Month

Figure 6. Monthly variation in the plant length and individual biomass of S. horneri in the aquaculture
area; (a) monthly variation in plant length and biomass; (b) rate of length and biomass variation.
* Appearance of vesicles; ** appearance of receptacle.

During the life cycle of the attached S. horneri in the study area, the effective accumu-
lated temperature increased from 645.1 °C-d in August 2021 to 2772.4 °C-d in February
2022. Throughout the life history of S. horneri from August 2021 to February 2022, the
effective accumulated temperature continued to be stored (Figure 7). The analysis showed
that this parameter increased with the growth cycle of S. horneri according to a cubic func-
tion. From August to October 2021, SST slowly decreased, and the increase in effective
accumulated temperature remained basically stable; from November 2021 to February 2022,
SST continued to decrease around Gougqi Island, and the effective accumulated temperature
growth rate dropped sharply.
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Figure 7. Monthly variation in effective accumulated temperature.

4. Discussion and Conclusions
4.1. Temperature Adaptability of Attached S. horneri in the Mussel Culture Area near Gougqi Island

Temperature is an important abiotic factor that controls the growth rate, life cycle, and
distribution of algae. S. horneri individuals at different growth stages respond differently
to the same temperature, and their growth rates will also greatly differ. Similarly, under
different temperatures, individuals at the same growth stage exhibit different levels of
adaptability to this parameter [27,34]. From August to September 2021, the average SST
reached 26-27 °C with peaks of 29 °C, which was far beyond the upper limit temperature
for S. horneri. However, the chlorophyll content of the seedlings increased, together with
the value of Fv/Fm, and biomass growth could still be maintained, indicating that photosyn-
thesis was normal and the algae were at a low-speed growth stage. In March 2022, adult
S. horneri entered the decline stage, which indicated that they had a considerably weaker
heat tolerance ability compared to seedlings. From October 2021 to February 2022, the
temperature continuously declined, and the variation in chlorophyll content and Fv/Fm
showed a phased change together. In December 2021, when S. horneri entered the rapid
growth stage, the content of chlorophyll a decreased after a relatively stable growth, while
the content of carotenoids did not change. At this time, Fv/Fm stabilized, and the growth
rate of the algal biomass was also lower than that in the previous month. Therefore, in
December 2021, algal growth entered the “low-temperature adaptation period.” After
this stage, in January 2022, a rapid increase in photosynthetic activity was observed, and
S. horneri in the aquaculture area entered the rapid growth and reproduction period in
February 2022.

Taxonomically, S. horneri can be divided into the “spring mature” and “autumn mature’
types [35-37]. The former could be identified in the study area based on the algae’s
reproductive characteristics and previous studies on attached S. horneri conducted in the
local aquaculture area [10]. Based on the characteristics of algal growth and development
and on the observed variations in SST, plant length, and individual biomass, the growth of
attached S. horneri in the aquaculture area of Gougi Island can be divided into five stages:
(1) the first suitable high-temperature period (August to December), (2) the decreasing
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temperature period (October to November), (3) the low-temperature adaptation period
(December), (4) the second suitable low-temperature period (January to February), and (5)
the high-temperature decay period (February to May) (Figure 8).
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Figure 8. Growth stages of S. horneri.

4.2. Analysis of the Effect of Global Warming on the Growth and Reproduction of Attached S.
horneri near Gouqi Island Based on the Effective Accumulated Temperature Theory

From August 2021 to February 2022, the effective accumulated temperature required
by S. horneri to complete its life cycle in the aquaculture area of Gougqi Island was about
2700-2800 °C-d. A previous study on subtidal S. horneri at this site conducted between 2013
and 2014 [33] found that the effective accumulated temperature needed was 3600-3700 °C-d,
about 800 °C-d more than the temperature observed in the present study. Ding Xiaowei et al.
reported that the required temperature from 2017 to 2018 was 3300-3400 °C-d [10]. The
receptacle structure of S. horneri is formed around April [38], and the effective accumulated
temperature required to enter the flowering period is calculated to be about 2900-3000 °C-d,
about 200 °C-d more than the values observed in 2022. As previously mentioned, plants
need to achieve a certain amount of effective accumulated temperature to complete their
life cycle. The reason for the great difference in effective accumulated temperature required
for the same developmental stage may be explained by global warming.

From December 2021 to January—February 2022, the water temperature around Gougqi
Island was, on average, 3—4 °C higher than that observed from December 2013 to January-
February 2014 and 1-2 °C higher than that from December 2018 to January—February 2019.
An obvious “warm winter” climate is now established, and its intensity increases each
year. Consequently, S. horneri, which should still be in the “low-temperature adaptation
period” at this time, activates gene regulation and enzymes under favorable temperature
conditions. This enhanced activity shortens the “low-temperature adaptation period,”
causing the algae to enter the “low-temperature reproductive period” in advance, which
promotes the formation of the receptacle. The continuous high temperature for an extended
period of time also makes the reproductive period earlier than it should be. In this study, it
was observed that the release of sperm and eggs, which normally occurs around May, was
advanced to February. A small number of S. horneri individuals completed the reproductive
phase and began to disintegrate and die over a large section of the aquaculture area. The
algae entered the “high-temperature decline period” about 3 months earlier than expected.
Therefore, the continuous high temperatures in winter caused by global warming may cause
the algae to complete their life cycle in advance before reaching the effective accumulated
temperature required for the growth stage, fitting their entire life cycle into a much shorter
period. Even the population that was originally classified as “spring-mature” will form a
new “winter-mature” population due to this dramatic temperature variation.
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4.3. Golden Tides and the Early Warning Problem

The seasonal variation in and succession of algal growth are limited by seawater
temperature [39-42]. The reproductive period varies [43,44], and changes in SST control
the biogeographical distribution of marine algae [45,46]. Due to global warming, the
temperature of coastal seawater in China increases each year, leading to changes in the
growth and proliferation of S. horneri. Similarly, the time point of the golden tide bloom
may also be advanced because the life cycle is compressed. The occurrence of golden tides
in the Yellow and East China Sea will also change due to the early maturity stage because
only the S. horneri populations that reach a certain growth level begin to decline, detach
from the matrix, and move to a free-floating state [10]. Therefore, by monitoring seawater
temperature and algal growth, it is possible to predict the outbreaks and declines of golden
tides, effectively avoiding a number of economic losses associated with them. First of all, in
the waters around Gougqi Island, the annual golden tide outbreak causes a large amount of
algae to accumulate on the coastal beaches, which affects the income of the local tourism
season and brings great trouble to local tourism practitioners. In addition, a large amount of
accumulated algae will sink to the seabed after rotting, which will cause a devastating blow
to the local benthos and seriously threaten the ecosystem safety of Gougi Island. Finally,
the economic losses caused by the collapse of laver and other cultivation rafts during the
golden tide outbreak are numerous. Therefore, it is particularly important to establish a
reliable and mature early warning mechanism for the outbreak of golden tides.

At the same time, by monitoring temperature variation in different sea areas and
the growth of local S. horneri populations and combining the data on the occurrence and
frequency of golden tides in the Yellow and East China Seas, it is possible to identify the
potential sources of golden tides in these regions and provide a scientific basis to trace this
harmful phenomenon. In addition, the temperature early warning system based on the
results of this study can be used not only for the monitoring of golden tides but also for the
research into other harmful algal blooms, such as green tides and red tides, all of which
have certain scientific research value.
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